neurons (46%) that responded during the delay period be conceptualized as a chain of neural operations or between f1 and f2. Of these, 31 (52%) had rates that cognitive steps: encoding the first stimulus frequency increased monotonically with increasing f1 (Figures 2J  and 2K ), and 28 (47%) had rates that decreased monotonically with increasing f1 (Figures 2D and 2E) . How- 
As the task progressed, responses reflected both f1 and f2. We found 129 neurons (57% of 224 that responded during the f2 period) that modulated their firing rates during the f2 period, as described below. Twentyeight neurons (22%) responded selectively to f2: 15 (54%) had rates that varied as positive monotonic functions of f2 (third panel of Figure 2B ), while 13 (46%) had rates that varied as negative monotonic functions of f2. Only 3 of the 129 neurons (2%) had firing rates that depended exclusively on f1. Thus, considerably fewer neurons had purely sensory responses during the f2 period than during the f1 period. However, the task requires that the difference f2 Ϫ f1 be calculated, and the large majority of neurons that responded during the f2 period reflected this operation. Ninety-eight neurons (76%) discharged differentially during the f2 period; that is, their responses depended on f2 Ϫ f1. To characterize this activity, we calculated receiver operating characteristic ( To illustrate this analysis, the resulting coefficients a1 and a2 for the four neurons of Figure 2 were plotted in ever, these monotonic responses recorded during the panels C, F, I, and L as a function of time. We also stimulus presentation and during the delay period could plotted the values of a1 and a2 against each other to be encoding information about f1 or future actions. To compare the responses at different points during the distinguish between these two possibilities, we studied task ( Figure 3A) . Three lines are of particular relevance neurons that encoded f1 during the stimulus presentain these plots: points that fall on the a2 ϭ 0 axis represent tion (17 of 76) or during the delay period (8 of 59) with responses that depend on f1 only (green dots in Figure a stimulus set in which the f1 did not carry information 3A); points that fall on the a1 ϭ 0 axis represent reabout future actions ( Figure 1C ). The responses of these sponses that depend on f2 only (red dots in Figure 3A) ; and points that fall near the a2 ϭ Ϫa1 line represent neurons during the stimulus set were monotonic functions of f1 in such a way that the slopes were similar responses that depend on the sign of f2 Ϫ f1 (blue dots in Figure 3A ). This last consideration is of particular with those obtained during the stimulus set illustrated in Figure 1B (permutation test, p Ͼ 0.05). These results importance, since the sign of the difference between f1 and f2 determines correct task performance. However, suggest that VPC neurons with positive and negative slopes encoded f1 through their firing rates both durthe result of the analysis is not only restricted to these three conditions. For example, in those hypothetical ing the base stimulus and working memory periods of the task.
cases where the modulation imposed by f1 and f2 results in f1 ϩ f2, the point would fall close to a1 ϭ a2 line. In This last consideration indicates that the effect imposed by the strength of one of the two stimulus frequencies this case, the memory of f1 is added to the f2 representation, but this result was rarely observed (see Figure 5f is more important (|a1| ϶ |a2|; a1 ϶ 0; a2 ϶ 0; black dots in the comparison panel of Figure 3A and black of Romo et al., 2002) . Remarkably, the larger area of the plane represents those conditions where the strengths traces of Figures 3B, 4 , and 6). Figure 3B shows the numbers of cells with significant of a1 and a2 are significantly different from zero and significantly different in the strengths between them. a1 or a2 coefficients, as functions of time. The graph indicates that some VPC neurons encode f1, both during and 2J). Few of these neurons also coded f1 both during the stimulus presentation and during the delay period the base stimulus period (the beginning of the population response was 61 Ϯ 10 ms [mean Ϯ standard error between f1 and f2 (green trace). As for the group of Figure 4C , some of these neurons during the comparison (S.E.)] after f1 onset) and during the working memory period between f1 and f2 (green trace). Later, during the period switched from an f1 encoding to a combination with f2 ( Figure  5A shows that the motor choice was predicted by neuencoded f1 during the delay period only ( Figure 4B ; see also Figure 2D ), then during the comparison period rons that had differential responses (groups 2 and 3), but not by those that responded as a function of f2 encoded f2 and the difference of f2 Ϫ f1. Figure 4C shows the group of neurons that were modulated as a only. The result of this analysis shows that there are significant differences between hits and errors during function of f1 both during the base stimulation period and during the delay period between f1 and f2 (green the same stimulus pair of frequencies (f1, f2). These differences were mainly confined to the comparison petrace). During the f2 period, some of the neurons of this group responded as a function of f2 Ϫ f1 (blue trace).
riod, in such a way that they predicted the animal's error. These signals were maintained during the execution of Notice also that during the f2 period some of the neurons of this group switched from a f1 encoding to a combinathe motor act. Notice that the neuronal population that carried f1 information during the delay period shows tion with f2 (black trace), then evolved to a differential response (blue trace). Figure 4D shows the neurons large choice probability values (above 0.5), just before the comparison period ( Figure 5A, black trace) . We sugwhose responses during the f2 period were functions of f2 Ϫ f1 (blue trace in Figure 4D ; see also Figures 2G gest that this activity is related to the working memory between f1 and f2. Cyan trace, neuronal responses that had large (A) Number of neurons that had a1 (f1; green trace) or a2 (f2; red choice probability indices (black and blue traces) but tested in a trace) significant coefficients during the stimulus presentation.
control task in which animals had to follow a visual cue to produce (B) Number of neurons that had a1 significant coefficient during the the motor response. delay period between f1 and f2. During the f2 period, some of these (B and C) Choice probability index calculated separately according neurons had a1, a2, or a1 ϭ Ϫa2 (f2 Ϫ f1, blue trace) significant coefto the magnitude of the difference | f2 Ϫ f1|. Color intensity indicates ficients.
differences of |f2 Ϫ f1| ϭ 8, 4, 2 Hz, going from darkest to lightest. (C) Number of neurons that had a1 significant coefficients both Plots are for neurons that responded to f2 Ϫ f1 during the compariduring the f1 stimulation period and during the delay period between son period and had (B) or did not have (C) f1-dependency. f1 and f2. As for group (B), this group of neurons also showed during the f2 period, a1, a2, or a1 ϭ Ϫa2 significant coefficients. Some neurons of this group showed the interaction between the memory trace of f1 and f2 (|a1| ϶ |a2|; a1 ϶ 0; a2 ϶ 0; black trace). tal Procedures). Under this condition, the choice proba-(D) Number of neurons that had preferentially |a1| Ϸ |Ϫa2|; a1 ϶ 0; bility indices of VPC neurons dropped to near chance a2 ϶ 0 significant coefficients during the f2 period. Few neurons of levels ( Figure 5A, cyan trace) . We also asked whether this group had a1 significant coefficients both during the f1 stimuladuring the comparison period the activity of these neution period and during the delay period between f1 and f2. rons reflected the difference between f1 and f2. When (E) and (F) are similar to (D), but the peaks of a1 ϭ Ϫa2 significant these neurons were tested at psychophysical threshold coefficients are preferentially during the RT and MT periods, respectively. using the stimulus set illustrated in Figure 1D , they reflected the difference between f2 and f1 in a graded fashion (Figures 5B and 5C ). These tests show that VPC responses reflect both the active comparisons between component as opposed to the decision component of f1 and f2 and the motor choice that is specific to the the task. If trial-by-trial variations of f1 encoding during context of the vibrotactile discrimination task. the working memory period correlate with trial-by-trial variations in performance, this will be reflected in the choice probability index values (Brody et al., 2003) .
Discussion As the monkeys reported their decisions by a motor act, we asked to what extent responses in VPC were
The data obtained in this combined neurophysiological/ psychophysical experiment indicate that the neural dyreflecting a purely motor signal. In addition to the standard test, some of the neurons of groups 2 and 3 (Figure namics in VPC reflect the entire sequence of processing steps that link sensation and action during a perceptual 5A) were tested in a variant of the task in which the same vibrotactile stimuli were applied and the monkeys discrimination task. During this sequence, past and present sensory information are combined dynamically, made the same push button press motions, but they could choose which push button to press based on such that a comparison of the two evolves into a behavioral decision. visual, not somatosensory, information (see Experimen-One could argue that the neuronal events recorded during this task reflect other processes, such as preparation for a future action. This seems unlikely, however, because (1) delay responses depended on f1 regardless of subsequent movements, (2) differential responses developed gradually, often depending exclusively on f2 or f1 early in the comparison, (3) choice probability indices depended on |f2 Ϫ f1|, and (4) when the same movements were guided by visual cues, the differential activity disappeared. Previous observations suggest that VPC neurons transform the perception of complex visual objects or actions into body movements (Rizzolatti and Luppino, 2001). But precisely what components of this cognitive operation are reflected in the activity of VPC neurons? Actions may depend on the interaction between internal and external factors; in particular, in the vibrotactile discrimination task, a voluntary motor response is triggered by the interaction between current and recalled sensory information. All of these variables-memory of a sensory stimulus, value of a current stimulus, and a comparison between the two-are directly correlated with the activity and dynamics of VPC neurons. Furthermore, the VPC units encoded f1 both during the stimulus presentation and working memory periods of the task. Thus, the key issue is how the physical variables that are encoded in the VPC activity are Table 1 ). The comparison between stored and areas during the same task, it would seem that this ongoing sensory information is observed in S2, VPC, process involves the conjoined responses of many areas and MPC (black traces in Figure 6 and Table 1 Table 1 indicates the onset of activ- This comparative analysis shows that, in this task, inserted in VPC (area F5; see Figure 1E ) contralateral to the responding hand/arm. Standard histological procedures were used S1 is predominantly sensory and M1 is predominantly to construct surface maps of all penetrations.
motor, but otherwise there is broad overlap in response characteristics across all other cortical areas studied.
Data Analysis
These similarities probably reflect dynamic cross-talk
We considered a neuron's response as task-related if during any between areas. The differences between S2, VPC, and network mechanisms that underlie perceptual proonset, in which a1 and a2 were significantly different from zero. We cesses such as the one studied here. also required that a1 or a2 was two standard deviations away from a2 ϭ Ϫa1 line; that the signs of a1 and a2 were opposite and that only a1 was significantly different from zero between 500 ms before Experimental Procedures and 100 ms after f2 onset; and that the response became differential (f2 Ϫ f1) during the last 300 ms of f2 (these responses fall between Discrimination Task Stimuli were delivered to the skin of the distal segment of one digit the a2 ϭ 0 and a1 ϭ Ϫa2 lines in Figure 3A ; see Table 1 for the values). The beginning of the differential response was estimated of the restrained hand, via a computer-controlled stimulator (BME Systems, Inc.; 2 mm round tip). Initial probe indentation was 500 m.
for each neuron by identifying the first of three consecutive 20 ms bins, in which the coefficients a1 and a2 were significantly different Vibrotactile stimuli were trains of mechanical sinusoids. Stimulus amplitudes were adjusted to equal subjective intensities; for examfrom zero and both coefficients were within two standard deviations of the a2 ϭ Ϫa1 line (these values fall close to the diagonal as shown ple, 71 m at 12 Hz and 51 m at 34 Hz (a decrease of ‫%4.1ف‬ per Hz). In each trial, two vibrotactile stimuli were delivered consecutively, in Figure 3A) . The choice probability index was calculated using methods from separated by an interstimulus delay of 3 s, and the animal was 
